11/21/01 WED 16:58 FAX 



ISSN 0036-8075 
6 DECEMBER 1996 
VOLUME 274 
NLJMBRR 




1600 

ITER: Fusion or fizzle? 




1633,1732, 
&1736 

Sex and the compact 
chromosome 



SdENCE 



NEWS & COMMENT ^m^s^msmmm^m 

Turbulence May Sink Titanic Reactor 
Behind cbe Official Optimism, 
Flawed Projections 



1600 
1601 

1603 
1603 
1GQ4 
1605 
1605 
1606 
1606 
1607 



European Report Champions ITER 

Kcsslcr'n Legacy: Unfinished Reform 

Draft Research Code Raises Hackles 

NSF Poised to Continue Novel Program 

Ex-Prcflidcnt Settles for $687,500 

Science Stagnates in Election Budget 

European Labs Eight Back Against Cuts 

Korean Institute Ponders RoU in Global 
Eradication Efforts 

RESEARCH NEWSi 

A New Embryo Zoo 

Hubbub 4t a Cartwheel's Center 

Green Grass, Cool Climate? 

Did a Plate Tectonic Surge Flood Earth? 

Neuroscientists Seek Answers to Brain 
Function and Disease 

Expanding the Eukaryote's Cast 
of Chaperoncs 

Atomic Mouse Probes the Lifetime 
of a Quantum Cat 

PERSPECTIVES 

Magnctoresistance in Layered Manganite 1 630 

Compounds 

A. M. Goldman 

Nanosecond Cr/stiulogrAphic Snapshots C 1631 
of Protein Structural Changes 
W. A, Eaton, E. R> Henry, J- Hofrichrer 

Promiscuous Chromosomal Proteins! (T: 1 633 
Complects About Sex 
M. I. Kuroda and A. M. Villeneuve 



1606 
1610 
H 1610 

1611 
1612 

1615 



American 

Association for the 
Advancement of 
Science 



1646 



1652 



A Fln-de-Siecle Achievement: Charting 1 634 

New Waters in Vertebrate Biology 

D- }- Gfunwald 
Pharmacia Biotech & Science Grand Prise 1 636 
Winner 

CELL CYCLE! ARTICLES ims®fflmmmi^ 
Viewpoint: Putting the Cell Cycle in Order 1 643 
K. Nramych 

Dcvclopmoncal Control of Cell Cycle 
Regulators: A Fly's Perspective 
B. A. Edgar end C. F. Lchncr 

How Proteolysis Drives the Cell Cycle 
R. W, King, R. J. Deshaies, J.-M, Peters, M. W. 
Kirschtter 

Cell Cycte Control of DNA Replication 1 659 

B. Stillman 

Cell Cycle Checkpoints: Preventing an 1 664 

Identity Crisift 
S.J.EUedge 

Cancer Cell Cycles 1 672 

C. ]• Sherr 

RESEARCH ARTICLE mmmammwmsvm 

Control of Memory Formation Through 1 678 

Regulated Expression of a CaMKII Tranfljiene 
M. Mayfoid, M. E. Bach, Y.-Y. Huang, L Wang, R. 

D. Hawkins, E. R. Kandel 

REPORTS HfflBSWB^^ 

PROJECT INDEPTH 

Partially Molten Middle Crust Beneath 1 6B4 

Southern Tibet: Synthesis of Project 

INDEPTH Results 
K. D. Nelson, W. Zhao, L, D. Brown, J. Kuo, J- Ch<?> X, 
Liu, S. L, Klcmpercr, Y. Makov*ky, R. Meiwsner, J, 
Meehie. R, Kind, R Wcrael, J. Nf, J. Nabelek, L. Chen, 
H. Tan, W. Wei, A. G- Jones, J, Booker. M. Unsworch, 
\V. S. F. Kidd, M. Hauck, D. Alsdorf, A. Ross. M 
Cogan, C. Wu, E. Sandvol, M. Edwards 



DEPARTMENTS 



THIS WEEK IN SCIENCE 

EDITORIAL 

S&T In South Korea 
N.-C, Sung and Y. S, Chung 

LETTERS 



15S5 
1591 

1593 



SCIENCESCOPE 
RANDOM SAMPLES 
BOOK REVIEWS 
PRODUCTS & MATERIALS 



1599 
1617 
1627 
1767 



Rita R, Cotwslt 

Retiring President, Chairman 
Jana LUbohenco 

President 
Mildred S, Drassalhaus 



1582 



AAAS Board of Directors w«l(W^T^^ 

■ SCIENCE (ISSN CQ36-B075) la publlahftd w*6kly on FrldDy, «e«Pt the m\ i w«eK in 
^JS^ S»i^^^waon lor th* Advan^mam n & ««., ™ Nj« r York 
AV*nuo. NW f Washington, 0C Periodica* Mall post^fl {publlcat.on No, 4*UsO> r»W at 

WttHrt tan, DC. and »fefflgmil nwfflnfl OHlcoa, Oopyflflht <D 19B6 toy Ihft Amjiitein ^acf^n for 
Uia AJramont of Solonca. Tho m SCIENCE \s a registered trademark of the AAAS. DorrnBtlo 

IrnHtiuilonal subscript (51 M : $250, Forolfln postaflfi extra: Mexico. Caribbean (surf an malt) 
$55i othar cDuntrlas (=1r «*U4 *SQ. Plrgt ctaaa, airmail. J^e* »nd T^m^U S A 

reoufiBL Canadian rarU with CSST BvaJtofe upon request, <3ST # 1 254 88 1 22. Printed In tha U .S.A. 



Sheila Jaaanofi 
William A. Laater Jr. 
Simon A, Levin 
Marda C. Unn 
Michael J. Novacek 
Anna C. Roosevelt 
Jean E. Taylor 
Nancy 5. waxier 



William T. Golden 

Treasurer 
Riehacd S. Nicholson 

executive Officer 



requflBi. Canadian rotas 
SCIENCE * VOL. 274 • 6 DECEMBER 1996 



11/21/01 WED 16:58 FAX 



®022 



Copyfig' 1 " 1 ' 



' * "t cieatanca Center for this article. 



Rarticipation of Presenilin 2 in Apoptosis: 
Enhanced Basal Activity Conferred by an 
Alzheimer Mutation 

Benjamin WolozrtVt Katsunori Iwasaki, Pasquale Vito, 
J. Kelly Ganjei, Emanuela Lacana, Trey Sunderland, Boyu Zhao, 
John W. Kusiak, Wilma Wasco, Luciano D'Adamiot 

Overexpresslon of the familial Alzheimer's disease gene Presanifin 2 (PS2) in nerve 
growth factor- differentiated PC1 2 cells increased apoptosis Induced by trophic factor 
withdrawal or p-amyloid. Transfection of antisense PS2 conferred protection against 
apoptosis induced by trophic withdrawal in nerve growth factor- differentiated or amylofd 
precursor protein- expressing PC12 cells. The apoptotic cell death induced by PS2 
protein was sensitive to pertussis toxin, suggesting that heterotrlmertc GTP-binding 
proteins are involved, A PS2 mutation associated with familial Alzheimer's disease was 
found to generate a molecule with enhanced basal apoptotic activity. This gain of 
function might accelerate the process of neurodegeneration that occurs in Alzheimer's 
disease, leading to the earlier age of onset characteristic of familial Alzheimer's disease. 



Molecular genetic studies have recently 
localized some mutations associated with 
familial Alzheimer's disease (PAD) to a 
gene named Presenilin 2 (PS2) CO- The 
function of the protein PS 2 is unknown, but 
ics structure resembles that of hctcrntrrmcr- 
ic GTP-binding protein (G protein)-cou- 
pled receptors that have seven transmem- 
brane domains. We recently showed that 
ALG-3, £ truncated mouse homo tog of PS2, 
rescues the mouse T cell hybridoma 3DO 
from T cell receptor-induced apoptosis (2). 
ALG-3 is translated into a truncated PS2 
polypeptide that acta as a dominant nega- 
tive inhibitor of apoptosis (3), The involve- 
ment of PS2 in T cell receptor-triggered 
cell death prompted us to study whether 
PS 2 is also required for neuronal cell death 
and whether mutations found associated 
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with FAD sffcer PS 2 activity. 

To study the function of PS 2 wc used 
PCI 2 cells that had been grown irv the 
presence of nerve growth factor (NGF) 
(100 ng/ml) for more than Z weeks and 



were therefore dependent on NGF. Previ- 
ous studies with neuronally differentiated 
PC12 cells (dPCU) have shown that with- 
drawal of trophic support induces apoptosis 
and that the peak of DNA fragmentation in 
this system, as shown by TUNEL staining, 
occurs 2 days After withdrawal of trophic 
support (4). In initial transfection studies we 
used sense, antiserwe, or ALG-3 constructs 
of mouse PS2 cDNA, which has been 
cloned (3), Parallel transfecrions with a 
fj-gnlactusida.se vector showed a transfection 
efficiency of 34 t. 6% (5), Both antisense 
PS2 and Al„G-3 constructs decreased the 
amount of apoptosis in transfected d'PClZ 
cells, tis assessed by DNA laddering IS hours 
nftei" trophic factor withdrawal, whereas 
sense PS2 induced a small but reproducible 
increase {Fig. 1A). Quantitation of the 
changes . using the TUNEL method showed 
chat transfection of PS2 in the sense orien- 
tation induced some apoptosis even in the 
presence of scrum and NGF (Fig. IB, P < 
0.01, 'analysis of variance). "Withdrawal of 
trophic support for 48 hours increased the 
number of TUNEL- reacrive nuclei in prep- 
arations of cells transfected with vector 
alone (Fig, IB). Transfection with sense PS 2 
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Fig 1- Transient transfection studios show that PS2 participates id apoptosis induced by WflhdrawEH of 
troohio support.- Enhanced PS2 activity is conferred by an Alzheimer's mutation. (A) EndonuclGolytic 
SSveag of dPd 2 genomic DMA is normally induced by NGF withdrew*! (16), but cl^vage i|reoucec 
by tranefactlon with antisense PS2 (PS2as) or and increased by ^expression of PS2 (?S2s) 

(results from two separate experiments are shown). CM vector-transfected cells. Tho left lane in eacr 
panel contains molecular size standards, (B) The amount of apoptosis was maasurod by the TUNEL 
method {4 1 7) 96 hours after transfection, Six fields in two separate dishes were randomly selected , and 
the number of apoptotic nuclei as a percentage of the total nuclei were quantitatad; all experiments were 
repeated at least three times independently. White bars, with NGF; black bars, without NGF and serum 
(C) dPC12 cells transfected with vector (Ctrl) or wild-type human PS2 (FS2wt) show low lovcls of 
apoptosis, whereas cells transfectod with N1 41 1 mutant human PS2 (PS2mut), in which Asn is mutated 
to He at position 1 41 , show elevated levels of apoptoste and more cell detachment. (D) Quantitation of 
the results in (CJ shows that PS2mut increases levels of apoptosis in cells grown under basei conditions 
fivefold over vector-tranaf acted control cells. Both mutant and wild-type PS2 increase apoptosis under 
conditions of trophic deprivation to similar degrees, Apoptosis induced in sector-trans^ 
cells In this sot of experiments was lower than thel detected In the experiments shown in (S). white oart. 
with NGF; black bars, without NGF; nd, not detected- 
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increased the amount of apoptosis in trophic 
factor- deprived cells by 53% compared with 
vector-transfected cells (Fig- IB, P < 0-01). 
Transaction with antisense PS2 or ALG-3 
reduced the number of apoptotic nuclei be- 
low that seen in the vector-transfcctcd cen- 
tre}! by halt (Fig. IB, P < 0,01). Although 
antisense PS2 acts by reducing the amount 
of PS2 protein expressed (Fig. 2A), 
AlG-3 docs not appear to decrease PS 2 
amounts (Fig, 2A), suggesting that it func- 
tions 35 a dominant negative inhihitor of 
PS2 action. These results indicate that 
PS 2 directly participates in the biochem- 
ical pathway regulating apoptosi-s during 
trophic factor withdrawal. 

Because mutations in PS2 are associated 
wich FAD (J), we investigated whether 
such mutations influenced the role of PS 2 
in apoptotic processes. dPCl2 cells were 
transfected with vector, FLAG -tagged hu- 
man wild^cype, FLAG-tagged N141I mu- 
tant (6), or mouse antisense constructs of 
PS2, and the amount of apoptosis was ana- 
lyzed under basal or trophic-deprived con- 
dirions as described above. The human 
wild-type PS2 behaved similarly to the 
mouse PS2, being only slightly active under 
basal conditions (Fig. l t C and D) but great- 



ly enhancing apoptosis during tmphic-fac- 
tor withdrawal (Fig. lD) t whereas antisense 
PS2 prevented apoptosis (Fig- ID). The 
N1411 mutant form of PS2, however, be- 
haved differently:- it increased apoptosis un- 
der basal conditions fivefold (P < 0-001) 
(Fig, I, C and D), whereas under trophic- 
deprived conditions it showed activity chat 
was comparable with wild- type PS2 (Fig. 
ID). This increased activity of the PS2 
mutant was not due to differences in the 
amount of protein expression induced by 
the two vectors, because immunoblots and 
immunocytochcrrUstry showed similar 
amounts of wild- type and mutant PS2 con- 
struct expression j(Fig. 2, A and B). More- 
over, the efficiencies of transfecnon, deter- 
mined by scoring! FLAG + cells, were com- 
parable between Ithe two vectors (41.7 ± 
3.9 for wild-type 1 PS2 and 39.1 ± 5,9 for 
mutant PS2). Titration of the mutant and 
wild-type genes also showed that the two 
constructs were equally active in enhancing 
apoptosis after trophic-factor withdrawal 
(Fig. 2C), Taken together, these experi- 
ment* indicate that the FAD mutation con- 
fers strong constitutive apoptotic activity to 
PS2. 

PS 2 structurally resemble receptors 



PS2 
2 3 4 
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containing seven transmembrane domains. 
A mutation in 3 similar position of the 
luteinizing hormone receptor also causes 
constitutive activation (7). This suggested 
that, like other similar proteins, PS 2 might 
act through 3 hcterotrirneric G protein. We 
therefore analyzed the sensitivity of PS2- 
mediated apoptosis to inhibition by pertus- 
sis toxin (PTX), an inhibitor of G { and G (> 
proteins, We transfecced dPCi2 cells with 
human wild-type or mutant PS2, added 
PTX (100 tig/ml) 48 hours later, and quan- 
tttated the amount of apoptosis in trophic 
factor-stimulated or trophic factor- de- 
prived cells as described above. PTX 
blocked the effects of mutant and wild-type 
P$2, although it did not alter the levels of 
apoptosis seen in the dPC12 cells trans- 
fected with the vector alone (Flg^ 3). Thus, 
PS 2 act* through a PTX-$ensttive pathway, 
suggesting chat G ; or G t , proteins are re- 
quired for PS2 function. 

It has recently been shown that ovetex- 
pression of the amyloid precursor protein 
(APP) mutant APP Phu717 , dominantly in- 
herited in chromosome 21 of individual? 
with FAD (S) i induces apoptosis through a 
pathway sensitive to inhibition by PTX (9), 
which parallels the profile shown by PS2- 
induced apoptosis. However, the relation 
between these two proteins is unclear, and 
transfection of dPCl2 cells with PS2 con- 
structs does nor appear to influence toial 
APP protein amounts (Fig. 2A), Therefore, 
we sought to directly examine whether PS2 
might play a role in apoptosis induced by 
^ppriw7i7 i Consistent wich recent reports, 
we found that dPCl2 cells stably trans- 
acted wich various forms of APP showed 
increased levels of apoptosis after serum 



t.NGF. 



0.5 1 2 
Plaamld (no/mO 

ng. 2. (A) (Left) immunoWot of transfected dPCl 2 cells with the antibody to PS2 <antl-P52n) (76}. The 
tran$fected wild-type (lane 4) or mutant (lane 5) PS2 ara expressed to similar degrees, whereas 
transfection with antisense PS2 (lane 2) reduces the amount of PS2 below that in cells transfected with 
vector atone (lane 3). ALG-3 (lane 1) does not change expression levels of endogenous PS2. As 
previously noted (6), only a small traction of PS2 runs according to its molecular si2s (-50 kD) because 
of aggregation typical of proteins having seven transmembrane domains. (Right) Transfection of PS2 
constructs does not affect expression of amyloid precursor protein (APP) (constructs used for lanes 6 
through 1 0 correspond to those used for lanes 1 through 5, respectively), The amounts of protein loaded 
wer© normalized with anti-p-tubulin [18). (B) Immunc-cytochemlstry with antibody M2 to the FLAO 
epitope (791 shows that flagged PS2 wild-type (PS2wt) end mutant (PS2mut) constructs am expressed 
with similar efficiency In dPC12-transfected cells. Original magnification, x30- (C) The potency of the 
PS2 vectors was assessed by iransfecting dPC12 cells with various amounts of mutant or wild-type 
PS2, and the amount of apoptosis w &5 quantised by TUNSL (77). Both mutant and wild -type PS 2 
show similar potencies, j 
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Fig. 3. PTX blocks apoptotic events mediated by 
PS2. dPC12 cells were transacted with vector 
(Ctrl), mutant, or wild-type PS2. The cells were 
treated on day 2 with PTX (20) end then cultured 
under basal conditions (+NGF) or trophic-de- 
prived conditions (-NGF). At day 4 the cells were 
fixed and the amount of apoptosis was analyzed 
by TUNEL. PTX blocked apoptosis Induced by the 
mutant P$2 under basal conditions. Trophlc-ce- 
prived dPC1 2 cells showed some apoptosis ever 
In tha presence of PTX, but the greetly increases 
levels of apoptosis induced by mutant or wild-type 
PS2 were blocked by PTX. 
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withdrawal; APP nhc717 conferred the high- 
est Level of apoptosis compared with wild- 
type APP or APP Gl * 691 (Fig. 4D) (10). 
These PC12 cells were then transiently 
transfected with antisense PS2, vector con- 
trol, or p-galactosidase constructs. The cells 
were serum-deprived 2 days after transec- 
tion, and apoptosis was analyzed by TUN EL 
after another I days. Transection with an- 
tisense PS2 reduced the amount of flpopto- 
sts by more than 50% compared with cells 
transfected with vector alone (Fig. 4, A co 
D). This suggests that APP and PS2 share 
the same pathway of signal transduction. 

The important role played by P$2 in cell 
death ted us co examine whether it may 
participate in cell death mediated by 
p-amyloid peptide (Ap) (11), which is a 
proteolytic product of APP, dPClZ cells 
were transfected with human wild- type or 
tnucant PS2 or vector. Two day* after trans- 
fection the cells were treated with aged 
Ap(l-42) fragment for 2 days and then the 
amount of apoptosis was analyzed by 
TUN EL. Transection of dPCl2 cells with 
PS2 dramatically Increased the amount of 
apoptosis induced by 10 uJM Ap (Fig. 4E). 
The ability of AP to activate the apoptotic 
pathway mediated by wild-type PS2 Is sim- 
itar to the results seen with trophic factor 
deprivation and supports the conclusion 
that PS2 actively participates in apoptosis. 
Moreover^ constitutive activation of PS2, 
such as is seen with mutations associated 
with FAD, appears to increase the amount 
of apoptosis induced by Ap (Fig. 4E). 



In this study we have shown chat P$2 
participates in neuronal cell death induced 
by several $timuli and that a mutation as- 
sociated with familial Alzheimer's disease 
generates a constitutive I y active molecule. 
The pathway of cell death mediated by both 
PS2 and APP (9), mutated in chromosome 
21 of individuals with FAD (8) t appears to 
involve heterotrimeric G protein*. These 
findings, as also shown by the ability of the 
antisense PS2 to inhibit APP-mcdiated apo- 
ptosis, suggest that APP and PS2 are func- 
tionally related (12). The functional path- 
way used by PS2 may also be related to that 
of Fas, Fas-ligand, and related proteins, be- 
cause ALG-3 can prevent T cell receptor- 
induced apoptosis by blocking the up-regu- 
latlon of Fas-ligand (2). Because Fas-ligand 
shows a strong bystander effect, in which 
surrounding Fas-positive cells are induced 
to apoptose (13), a similar bystander effect 
may also be present with P$2-induced apo- 
ptosis. Whether the chromosome 14 FAD 
gene product PS1 (14). which shares sub- 
stantial structural and amino acid similarity 
with PS2, subserves the same biochemical 
pathway remains to be determined, 

Constitutive activation of PS2 increas- 
es the susceptibility of neurons to apopto- 
tic stimuli that could sensitize neurons to 
the harmful insults of aging, such as free 
radical-mediated oxidation and neurotox- 
icity resulting from aggregated Ap. The 
accelerated rate of neuronal cell death 
that occurs in the brains of Alzheimer 
patients may therefore result from the ad- 





ditive effects of activated apoptosis, aging, 
and Ap toxicity. Interestingly, cell stress 
increases synthesis of APP and, depending 
on the particular stress, secretion of either 
APP or Ap (15). Enhanced activation of 
P$2 might not only increase the tendency 
toward apoptosis, but by activating apo- 
ptotic signals, it may trigger a stress re- 
sponse and increase production of Ap, 
adding to the toxic burden in the brains of 
Alzheimer patients and further accelerat- 
ing the process of neurodegeneration. 
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Fig, 4, PS2 participates In apoptosis in- 
duced by both APP pho717 and by aged 
Apv CJPC12 cells stably transfected with 
either pcONA3 vector, wild-type {wtj 
App 7 ^ 1 . APP G,uDS3 , or APP Pho717 wera 
tran$f0cted with vector or antisense 
mouse PS2, and apoptosis was ana- 
lyzed by TUNEL on day 4 after 2 days of 
serum deprivation. (A) Control cgIIs sta- 
bly transfected with v$ctor alone. All cells 
overexpressing APP showed Increased 
levels of apoptosis after serum depriva- 
tion, but the cells transfected with the 
APP Pt1tt717 construct (B) showed the 

most apoptosis. Transfectlon of the celts with antisense PS2 reduced the amount of spoptoale In all the 
call lines overexposing wild-type and mutant APP [(C) APP ph,,71T plus antisense]. The transfectlon 
efficiency seen with the p-galsctosidase vector in APP Ph ° 71 Mran$iected cells was 36 ± 5%. (D) 
Quantitation of apoptosis after 2 days of trophic withdrawal. (E) Little apoptosis wse seen in dPCl 2 cells 
after treatment for 2 days wlttvaged Ap(l-42) (27). However, treatment of dPG12 ceils with Ap did 
produce marked amounts of apoptosis in dPC!2 cells transfected with mutant or wlid-type PS2. 
Because mutant PS2 induces apoptosis by itself, parallel experiments without Ap ware also performed. 
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200 ^' 0t 2% MP-40 In TE was added, and tne cells 
were agitated for 30 mln at 4°C and spun for 1 5 mtn 
In a rnlcrofuge at 4*C. Supernatants were extracted 
with phenol and chtoroiorm and precipitated in 300 
mM sodium acetate (pH 5.1) and two volumes of 
ethanol. DNA was separated on a 1 .S% agarose gei 
toy electrophoresis. 
17. For TUNEL analysis, tho day artor transfectlon cells 
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ware treated with trypsin and transferred to chamber 
slides. A peroxidase-based TACS-TdT Kit [ Trevlgen] 
wa$ used according to tha manufacturer's direc- 
tions, After staining for apoptoais, throo to six fleWs 
. were chosen at random, and the numbers of total 
nude* and apoptotlc nuclei were counted- Tha ex- 
periments wore repeated four to eight times witn 
simitar results. 

18, for proiein immunoolot analysis, the calls ware rw- 
' vsatad G days aftertransfectlon, lysed in radioirnrnu- 

nopreclpttatlon assay (PtlPA) buffar containing the pro- 
tease inhibitors aprotmin, pepstatin, and leupeptm 
(100 vug/m] each, Sigma). Cell lysates (10 u$ were 
denatured In modified fix loading buffer {320 mM trls, 
pH 6.8, 50% glycerol* 0,5% bromophenoi blue, 10% 
SD5, 100 mM dlthiothreitoi, and 8M urea) to reduce 
aggregation that typically occurs with proteins having 
seven transmembrane domalna. After heating at 3? 0 C 
(or 45 mm and then 75°C for 5 mtn, proteins were 
separated on a 4 to 20% palyacrylamidB-SDS gradi- 
ent gel, blotted onto nitrocellulose membranes 
(Qelman Science), and probed with either affinity-pu- 
rified antl-P$2n (3), anti-APP (22011. Boehrhger 
Mannheim), oranti-ft-tubulin (Boehringer Mannheim). 
Immunobloig were developed with tha EGL Syatem 
(Amersham), 

19, For immunocytochemlatry, 1 day after transf action 
cells ware treated with trypsin and plated onto covar 
slips in a 24-weil plate. The following day the ceHs 
were fixed far 20 mln In 3% paraformaldehyde at 
4°C. washed once with 1 .S% glyclnB in PBS, twice 



with PBS, and blocked for 1 hour at 37°C With 10% 
bovine serum albumin In PBS. Samples were 
washed three times with 0.1% saponin in P8S 
(Sigma), Incubated far 1 hour at 4 a O with antl-FLAG 
<M2, Eastman Kodak), diluted to e pqM in PBS- 
0.1% saponin, and washed three more tfmas with 
PS$_0.1% saponin. Cells were then stained for 1 
hour at 4"C with fluorescein isothlocyanate-con]ugat. 
ed donkey entibody to mouse Immunoglobulin (5 di- 
luted 1 : 200 In P8S-0, 1 % saponin. After three wash- 
es, the cover sups were mounted onto a slide with 
fluaromount-g. Cells were viewed on a confocal Bb« 
Rad MRC1024 mlcrosccpa at a X20 magnification. 

20. TUNEL studies were perTormed as described (i ?). 
PTX (Sigma. St. Louis* MO) was added once to 
achieve a final concentration of 100 no/ml on day 2 
and maintained in the medium until day 4 . 

21. For Ap treatments the cells were maintained in 
DMEM containing 10% dlalyzad FBS. 5% dialyzBd 
horse serum, and gentamycln {50 ng/mQ, The cells 
were treated with 10 Afll-42) (generated from a 

1 mM A£ stock solution thai had boen aged 7 clays 
at 37 Q C) starting on day 2 after the transfection. For 
. ail studies, me cells were fixed on day 4 and analyzed 
by TUNEL. _ , 

22. We would like to thank R. Schwartz and D. LeRoith 
tor their helpful review and useful comments and J. 
Yawdell, J. BennlcK and P, Day for their time and 
expertise (n using the ccmfocal microscope. 
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A Cyclophilin Function in Hsp90-Dependent 
Signal Transduction 

Andrea A. Duina,* Hui-Chen Jane Chang,* James A. Marsh, 
Susan Lindquist, Richard R Gabert 

Cpr6 and Curl the Saccharpmyces cerevisiae homologs of cyciophilirt-40 (CyP-40), 
were shown to form complexes with Hsp90, a protein chaperone that functions in several 
signal transduction pathways. Deletion of CPR7 causad severe growth defects when 
combined with mutations that decrease the amount of Hap90 or Sti1 . another component 
of the H sp90 chaperone machinery. The activities of two heterologous Hsp90-dependent 
signal transducers expressed in yeast, glucocorticoid receptor and PPfJT? iJ!!?^; 
were adversely affected by cpr7 null mutations. These results suggest that OyP-4U 
eyclophllins play a general role in Hsp90-dependent signal transduction pathways under 
normal growth conditions. 



Immunophilins are ubiquitous and highly 
conserved. Nevertheless, with few notable 
exceptions^ such as the participation of Dro- 
sobfula cyclophilin ninaA in the maturation 
of rhodopsin (J) and the FKBP12-depen- 
dent regulation of Ca* + flux by the inositol 
1,4, 5 -triphosphate receptor (2), little is 
known about the roles these molecules play 
in cell biology- Two Sacch#romyce$ cerew&iaa 
cyclophilins related to human CyP-40 — 
Cpr6 and Cpr7 — have been identified 
through their interactions with the tran- 
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scriptlonal regulator Rpd3, a yeast homolog 
of histonc dcacetylasc (3, 4)- Cpr6 and 
Cpr7 are the only CyP-40 homologs in $• 
cercvLtiaG (4). 

Cpr6 was also identified as an Hsp90- 
associated protein (5). To determine if 
Cpr7 associates with Hsp9Q, we mixed glu- 
tathiones-transferase (GST)-Cpr fusion 
proteins expressed in Escherichia coU with 
yeast cell lysates, Hsp90 was recovered on 
gluts thione-affinity resin, in association 
with both GST-Cpr6 and GST-Cpr7 but 
not with GST alone (Fig. I, A and B). To 
determine if the interaction between Cpr6 
or Cpr7 and Hsp90 requires other yeast 
proteins, we mixed GST-Cpr proteins with 
lysates of bacteria expressing Hsp9& Again, 
Hsp90 interacted with GST-Cpr6 and 
GST~Cpr7 but not with GST alone (Fig. 
1C). The COOH-terminal halves of Cpr6 



and Cpr7, which contain tetratricopeptide 
repeat (TPR) motifs thought to mediate 
protein-protein interactions (4), were stiff i~ 
cienc for interaction with Hsp90 (Fig. 1C). 
Bacterially expressed GST-Cpr 1, a S. cer- 
evisine cyclophilin that lacks a TPR motif 
(6), did not interact with Hsp90 (Fig. 1C). 
Thtis* like the mammalian homolog CyP- 
40, Cpr6 and Cpr7 can interact directly 
with Hsp90 through their TPR-containing 
COOH-termini. 

A functional relation between Cpr7 and 
Hsp90 was suggested through tests for ge- 
netic interaction. Because cpr7k cells dis- 
play a slow-growth phenotype (4), we tested 
whether a decrease in Hsp90 concentra- 
tions would enhance this phenotype. Sac- 
charvmyces cerevisiae produces two nearly 
identical Hsp90 proteins (Hsc82 and 
Hsp82) that have the same functions hut 
different patterns of expression (7). Dele- 
tion of HSCB2 reduces the cellular concen- 
tration of Hsp90 to approximately 1/1 Och of 
that in wild-type cells but does not impair 
growth below 37°C (7). Cells deleted for 
HSC82 and CPR7 exhibited a growth de- 
fect at 30°C that was more pronounced 
than that observed for cpr7A cells (Fig, 2 A), 
Similar synthetic-enhancements of the 
c£r7A growth phenotype were observed in 
cells whose only source of Hsp90 was a 
temperature-sensitive allele, hs[?82 ol70 ° (8, 
9), and in cells deleted for ST/2> which 
encodes another member of the Hsp90 
chaperone complex (5, 10) (Fig. ZB), In 
contrast, deletion of CPR6 did not confer 
growth defects in either hsc82A or sdlA 
cells, 

Hsp90 can act as a general chaperone in 
vitro to prevent aggregation of denatured 
proteins (11), but its functions in vivo seem 
to be focused on the maturation of various 
proteins that participate in gene regulation 
and signal transduction (6, 12). Among the 
best characterized of these proteins is a 
subgroup of the steroid receptors (J 3-15). 
Several immunophilins are present in 
Hsp90 complexes, including the cyclophilin 
CyP-40 found in H5p90:-.5tcroid receptor 
complexes (5, 13, 15, 16). The role of these 
immunophilins in signal transduction, how- 
ever, remains unclear. 

The molecular components that mediace 
steroid receptor signal transduction in eu- 
karyotes are highly conserved (5), and 
mammalian glucocorticoid receptor (GR) 
exhibits faithful hormone -dependent tran- 
scriptional activity inS. cerevisiae (14, 17). 
Hsp90 U absolutely required for GR activity 
<6\ 14), whereas Stil is required for full 
receptor activity (18). We compared the 
activity of GR in isogenic (J 9) wild-type 
and cyclophilin-deleted (cprA) cells with a 
lacZ GR reporter plasmid. With saturating 
concentrations of hormone (10 u-M deoxy- 
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